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Abstract; Experimental data indicate that Young's modulus of materials decreases with the decreasing of the
grain size. Obviously, the primary factor of this decreasc is presence of grain-boundary region, which
Young's modulus other than in the bulk of crystallites, There is a set of various expressions for calculation of
Young’s modulus of polycrystals, obtained under the assumption, that it is possible to consider a polycrystal
as a composite consisting of a crystalline matrix and a intercrystalline layers (grain-boundary region). Calcu-
lations showed incorrectness of application of a majority of these expressions and a large error in the calcula-
tions for the nanocrystalline materials. By us, on the hasis of the same assumptions, is also obtained analyti-
cal expression for calculating Young's modulus of materials with grain size more than 30 nm, which is more
exact, than all others.

It is necessary to consider under the caleulation of cffective Young's medulus nanocrystalline materials
with grain size of less than 30nm. that grain-boundary region itsell is not uniform, It is reliably established,
that the triple joints of grain boundaries have a structure and properties, dif{erent from the structure and the
properties of grain boundaries. which these joints cannect. For nanocrystalline materials the volume fraction
of the triple joints in the grain-boundary region can reach 50% and even more. Therelore assumption was
made, that the nanocrystalline materials should be represented as consisting of three phases (triple joints,
grain boundary between the triple joints and crystallite). On the basis of this idea is obtained analytical ex-
pression for calculating of Young’s modulus nanocrystalline materials. The analysis shows that Young's mod-
ulus calculated by this analytical expression coordinated with the theory and the experiment.
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The data on nanocrystalline materials Young’s modulus measurement show it to have less value compa-
ring with this of polycrystalline materials. Effective bulk Young’'s modulus decreases as grain size decrea-
ses. One of possible and, eventually, main factors for this decrease is the presence of grain-houndary phase
where Young's modulus is different from one for grain itself. As it is shown inl", the application of Reuss,
Voigt and three-dimensional models for the ealculation of nanocrystalline materials Young's modulus is in-
carrect, With the help of model proposed in !, the analytical expression for the calculation of nanocrystal-
line materials effective Young’s modulus was received. It is the combination of Young's modulus for grain-
boundary phase and one for crystalline matrix and also depends on the volume fraction of grain-boundary

phase in the crystal bulk. One should notice that the analytical expression for the calculation of material
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Young's modulus received in"! has the accuracy not higher than 4% for the materials with grain size less
than 30 nm. That accuracy decreases as grain size decreases. This takes place because grain-houndary phase
ism't h()%nogenious.

1t is established for sure that grain-boundaries triple junctions have the structure and properties differ-
ent from those of grain-boundaries themselves “ In nanocrystalline materials the volume fraction of triple
junctions may reach 50% and abovel™, Therefore, in the procedure of effective Young's modulus caleula-
tion the nanomaterial with grain size above 30 nm can be considered as consisting of two phases (grain-
boundary phase and crystallite} with the accuracy 4%, but, at the same time, we should consider the nano-
material with grain size less 30 nm as consisting of three phases (triple junctions, grain-boundaries between
triple junctions, and crystallite). _

In the given article the analitical expression obtained for different nanomaterials effective Young's mod-
ulus depending of Young’s moduluses for crystallite, triple junctions, and grain-boundaries between triple
junctions and depending of grain size.

Let us consider a ball-shape sample with volume V and grain size 4. Let us suppose that the aggregate
volume of triple junctions in the sample is Vs, the aggregate volume of grain boundaries between triple
junctions is Vs and the volume of intergrain substance is Vo. Then V=Vs+ Vi1 V,.

The volume fraction of grain-boundary phase consisting of grain boundaries triple junctions and grain

boundaries between triple junctions, a can be estimated by formula 2

a=1—(4—;—3)3, €)!

where 8§ = 1 nm (the thickness of grain-boundary phase).

The volume fraction of grain boundaries triple junctions, as can be calculated by formulatl,

as:(3—2*g—)(g). @

Let us suppusé that uniform compression pressure g, lower than the elastic limit, is applied to the sam-
ple. Then Hooke's law is applicable;
o=E+ Al/l - (3)
where E is Young's modulus averaged over the sample volume, { is the initial linear size of the sample
(ball’s diameter}, Al is the change of sample linear size due to uniform compression,

The initial linear size of the sample along the OX axis put through the ball’s center is the sum of aggre-
gate linear size of grain-boundary phase that cross the OX axis and aggregate linear size of intergrain phase
along the OX axis. Therefore;
’ I=ls+igt+i, (4)

where Iz, I3 .1, are aggregate linear sizes of grain boundaries triple junctions, grain boundaries between
triple junctions, and intergrain phase, respectively,

The total sample compression is a sum of grain-boundary phase compression and intergrain phase com-
pression. Therefore;

Al=Als+ Al + AL, (5
where Als.Alys Al are the changes of aggregate linear sizes of grain boundaries triple junctions, grain
boundaries between triple junctions, and intergrain phase, respectively.

Hooke's law is valid for each of those three phases separately, therefore:

s=Fs 7 (6)
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o= EB l (7

B
O'=Eu Tus (8)

where Ey, Ey and E,are Young's moduluses for grain boundaries triple junctions, grain boundaries be-
tween triple junctions, and crystallite, respectively.

It follows from (3-8) that:

lo +£5+15 lo lﬂ
—F - ‘f- B, (9

In the framework of the adopted model, the ratio of dl_fferent phases volumes to sample volume is equal

to the cubic relation of linear sizes along OX axis for those phases to the sample size. Therefore,

L W STV V1—a

{10)
LTl LIV v+ NV v A atVas+ Va—as
C— V— an
btlsti  YT—g+as+ Ja—as
Le Jaa (12)
t0+£S+IB '\/1 a"l’afc;;"i”q/a as
Taking into account equations (10), (11), and (12), one can find from equation (3},
Vi a+\/c;+\/a as _ vl a_'_x/;t;_l_w/a as (13)
Eg '

Let us find Esand Eg by the help of equation (13), using the exper]mental data for gold™ given in Ta-
ble 1. Taking E and E,for different grain sizes and for one and the same temperature, we get the system of
twa equations with two unknown quantities Eg and Eg.

The results of Esand Ey calculation by formula (13) for gold are given in Table 2. One can see from this table
that Esand Egvalues are very different from each other. This gives us a hint that the most “weak” objects in the
sample are the grain boundaries triple junctions and possibly this is why the crack nucleation in metal usually takes

place in grain-boundary region and in junctions,

Table 1 _
Material d/nm T/K E/GPa E,/GPa
Gold 26 80 77+1 84 0.5
Gold 60 80 79%1 8405
Gold 26 200 73,51 800.5
Gold &0 200 75.5%1 80 0.5
Table 2
T/K E;/GPa Es/E, Ex/GPa Es/E,
80 50,9 0. 61 77.6 0.92

200 46.5 0.58 76.2 0,95
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